In a previous study, we derived inosine-producing mutants from E. coli W3110 (ATCC27325) using genetic engineering methods at each step in order to identify the genes involved in inosine production and to analyze their functions. 1, 2) Mutant strain FADRaddeddpgiyicP (designated here I-8)/pKFKQ, which was deficient in purF, purA, deoD, purR, add, edd, pgi, and yicP, and which harbored plasmid (pKFKQ) for the expression of a PRPP amidotransferase desensitized to synergistic inhibition by AMP and GMP, 1) accumulated about 3.7 g/l of inosine from 40 g/l of glucose.
2) This inosine accumulation remained at a very low level compared with the 16-20 g/l of inosine from 80 g/l of glucose in Bacillus subtilis mutants 3) and the 31 g/l of inosine from 150 g/l of glucose in Corynebacterium ammoniagenes mutants. 4) We have observed small amounts of hypoxanthine accumulation extracellularly in all E. coli deoD-negative strains engineered genetically for inosine production. The accumulated concentration of hypoxanthine gradually increased as the culture time was prolonged, and the residual sugar concentration decreased. Therefore, another inosine-degrading enzyme besides purine nucleoside phosphorylase encoded on deoD must exist. Xanthosine phosphorylase is a candidate for an enzyme able to convert to hypoxantine from inosine, 5) but xanthosine phosphorylase encoded on xapA has been reported to be induced by xanthosine, and a functional XapR protein is required for the full expression of xapA.
6,7) Based on this information, we speculated that xanthosine phosphorylase is not activated during the culture process since xanthosine accumulation was never observed in the culture broths of I-8/pKFKQ or other inosine-producing strains. We tried to confirm the effect of xanthosine phosphorylase on hypoxanthine formation by breeding and investigating a xapA-disrupted mutant.
A xapA-disrupted mutant was derived from I-8 as follows. The deleted xapA gene for homologous recombination was constructed by crossover PCR using a GeneAmp PCR system 2400 (Perkin-Elmer, Wellesley, MA) and LA Taq DNA polymerase (Takara Shuzo, Kyoto, Japan) with a combination of primers, N-out, Nin, C-in, and C-out, according to previously reported methods. 8) The following sequences for xapA were based on the published nucleotide sequence: 9) for N-out, 5 0 -cgc gga tcc gcg aca tag ccg ttg tcg cc-3 0 ; for N-in, 5 0 -ccc atc cac taa act taa aca tcg tgg cgt gaa atc agg-3 0 ; for C-in, 5
0 -tgt tta agt tta gtg gat ggg cat caa cct tat ttg tgg-3 0 ; and for C-out, 5 0 -cgc aag ctt caa act ccg ggt tac ggg cg-3 0 . The amplified 1.7 kb fragment deleted about 0.7 kb in the xapA-coding region of the original gene (about 2.4 kb). The fragment was digested with BamHI and HindIII and was cloned on pMAN997.
1) Disruption of the xapA gene on the chromosome was done by the protocol described previously.
1 Note the chromosome was confirmed by PCR to be a smaller fragment than that of the wild type. The obtained strain was designated I-9.
The nucleoside degradation activities of I-9 (xapA negative) and the parent strain I-8 (xapA positive) were assayed in vitro. Both strains were cultured at 37 C for 16 h with LB medium consisting of 10 g of Bactotryptone (Difco, Sparks, MD), 5 g of yeast extract (Difco), and 5 g of NaCl per liter with or without xanthosine. The harvested cells were washed twice with a 0.85% NaCl solution, suspended in buffer (100 mM Tris-HCl, pH 7.0, 2 mM EDTA), and disrupted by sonication. The sonicated solution was centrifuged at 12;000 Â g for 10 min, and the supernatant was used to assay for nucleoside degradation activity. The reaction mixture consisted of 80 mM potassium phosphate buffer (pH 7.0), 1 mM xanthosine or inosine, and 100 ml of cell-free extract in a total volume of 1 ml. The reaction was carried out at 37 C for 1 h. It was stopped by dilution with 50 mM EDTA (pH 8.0), and the residual xanthosine or inosine was measured by HPLC using an Asahipak GS-220 column (7.6 mm ID Â 500 mmL) with detection at 254 nm.
1) The protein concentration was determined by the method described by Bradford. 10) As shown in Table 1 , I-8 (xapA positive) cultured with LB medium containing xanthosine showed nucleoside degradation activity. The specific activities of xanthosine and inosine degradation were 94 and 90 nmol/min/mg protein respectively. The specific activity against inosine was about 95% of that against xanthosine. When cultured on LB medium without xanthosine, I-8 (xapA positive) showed no substantial nucleoside degradation activity. On the other hand, I-9 (xapA nagative) showed no substantial nucleoside degradation activity regardless of xanthosine addition to the medium. Thus, to ensure the in vivo effect of xapA disruption on inosine productivity, a xapA-disrupted mutant, I-9, was transformed with pKFKQ, and then the transformant, I-9/pKFKQ, was used to investigate inosine productivity.
A fermentation test and analysis of products in I-9/ pKFKQ and I-8/pKFKQ were done by the same protocol as described previously.
2) As shown in Fig. 1 , the parent strain, I-8/pKFKQ, accumulated 4.6 g/l of Table 1 . Nucleside Degradation Activity in xapA À Strain Two strains I-8 (xapA positive) and I-9 (xapA negative) were used. They were cultured at 37 C for 16 h in flasks with 20 ml of LB medium. In the case of induction by xanthosine, 1 g/l of xanthosine was added to the LB medium. The reaction was done for 1 h in 80 mM potassium phosphate buffer, pH 7.0, using 1 mM xanthosine or inosine as substrate.
Induction by
Nucleoside degradation activity Other purine compounds, such as xanthosine, guanosine, xanthine, and guanine, were hardly found in the culture broth of either strain. Unexpectedly, hypoxanthine accumulation of xapA-disrupted strain I-9/pKFKQ was lower than that of the parent strain, I-8/pKFKQ. Based on this result, some inosine degradation activity in I-8 can be attributed to the xapA gene product induced by xanthosine. Furthermore, it suggested that xanthosine hardly accumulated extracellularly but might have accumulated intracellularly.
Since an intracellular accumulation of xanthosine was suggested, the possibility of an extracellular accumulation of xanthosine was investigated next. To shut down the metabolic pathway from XMP to GMP in inosineproducing strains, we disrupted guaA, which encodes GMP synthetase (EC 6.3.4.1). The corresponding guaAdisrupted mutants were derived from both xapA-negative I-9 and xapA-positive FADRadd 1) (purF À , purA À , deoD À , purR À , add À , designated here I-5) as follows: The guaA gene was amplified by PCR with a combination of primers no. 1 and no. 2. The sequence for no. 1 was 5 0 -ctc gca tgc agg ata ttg ccc atg cta cgt atc g-3 0 , and that for no. 2 was 5 0 -ctc aag ctt cag ggt caa atc att ccc ac-3 0 , based on the published nucleotide sequence. 9) From an amplified DNA fragment containing about 3.2 kb of guaBA, about 2.3 kb of a guaA fragment was cut out by digestion with PstI and HindIII and cloned on pUC18. Then two SphI sites in the cloned fragment were digested with SphI, and a small fragment (about 0.3 kb) of SphI-SphI was deleted. The remaining fragment was self-ligated. The deleted guaA fragment was re-cloned on pMAN997. Disruption of the guaA gene on the chromosome was done by a protocol described previously.
1) The mutated gene on the chromosome was confirmed by PCR. Obtained mutants I-9guaA and I-5guaA were transformed with pKFKQ, and then xanthosine and inosine productivity was tested. Since the guaA-disrupted strain was a guanine auxotroph, 50 mg/l of guanine was added to the MS-0 medium.
2) As shown in Table 2 , I-9guaA/pKFKQ accumulated 0.67 g/l of xanthosine extracellularly, though the amount accumulated was much less than that of inosine (3.2 g/l), and neither the hypoxanthine nor the xanthine accumulation was observed in the culture over 3 d. The extracellular xanthosine accumulation by I-9guaA/ pKFKQ suggested that an intracellular pool of xanthosine was possible during the culture in I-9/pKFKQ. XapA-positive strain I-5guaA/pKFKQ accumulated 0.14 g/l of xanthine instead of xanthosine and 0.99 g/l of inosine extracellularly, but did not accumulate hypoxanthine over 3 d (data not shown). This result also supports the idea that xanthosine was pooled intracellularly and decomposed to xanthine by xapA product expression. The parent strain, I-5/pKFKQ, accumulated only 1.0 g/l of inosine. In these strains, a generated nucleobase, such as hypoxanthine or xanthine, might have recovered immediately with salvage synthesis by hypoxanthine-guanine phosphoribosyltransferase when sugar is still present in the medium. Furthermore, hypoxanthine might be recovered prior to xanthine. These results suggest that the xapA gene was activated through the culture even when extracellular xanthosine did not accumulate; therefore, xapA disruption had a positive effect on inosine production. Even when two genes of well-known purine nucleoside phosphorylases encoded on deoD and xapA were disrupted, however, slight inosine degradation and slight hypoxanthine generation were observed after the sugar was completely consumed. This fact suggests the existence of a third purine nucleoside phosphorylase or nucleosidase regulated by catabolite repression in order to utilize ribose derived from inosine as carbon source. It might be the rihC reported by C. Petersen, et al.
11)
Finally, although inosine accumulation increased to 5.6 g/l and hypoxanthine generation was minimized by the disruption of the xapA gene in I-9/pKFKQ, the inosine productivity was still lower than that by mutants of C. ammoniagenes or B. subtilis. This means that the overall metabolism in E. coli might be strictly controlled in comparison with that in C. ammoniagenes or B. subtilis.
